INTRODUCTION {#S2}
============

Idiopathic pulmonary fibrosis (IPF) is the most common and lethal interstitial lung disease, with a median survival rate of 3 years after diagnosis. Environmental, age-related, and genetic factors create an alveolar epithelium that is susceptible to injury from either endogenous or exogenous factors ([@R38]; [@R54]). Recurrent epithelial injury with deregulated repair of the epithelial barrier results in pulmonary fibrosis. IPF is characterized by scarring of pulmonary parenchyma due to accumulation of unrestrained myofibroblasts and excessive matrix deposition. Effective therapeutics for IPF is limited. Treatments targeting fibroblast functions have proved effective in slowing IPF progression but do not resolve fibrotic deposition ([@R48]; [@R2]; [@R14]). Identifying molecular targets that regulate myofibroblast expansion and accumulation in the lung tissue is critical for development of novel therapeutic approaches for IPF.

The pathological feature of IPF is the formation of fibroblastic foci that reflect active myofibroblast differentiation and pathogenic processes. Differentiation of fibroblasts to myofibroblasts is associated with increased expression of alpha-smooth muscle actin (αSMA) stress fibers resulting in a pro-contractile, pro-secretory, pro-migratory, and hyper-proliferative phenotype ([@R21]). Heterogeneous cell populations contribute to αSMA-expressing myofibroblasts, including resident fibro-blasts, mesenchymal stem cells, pericytes, circulating fibrocytes derived from bone marrow, and epithelial cells that differentiate into myofibroblasts via epithelial-to-mesenchymal transition (EMT) ([@R45]; [@R7]; [@R18]; [@R22]). Resident lung stromal cells are progenitors for most myofibroblasts in fibrotic foci. Due to heterogeneity among stromal populations, identifying global fibroblast-specific markers remains elusive. Various fibroblast markers include PDGFRα, TBX4, DESMIN, VIMENTIN, and -COL1a1 ([@R22]; [@R45]; [@R21]; [@R60]; [@R18]; [@R33]). The differentiation of stromal fibroblasts into myofibroblasts is characterized by expression of αSMA. Molecular mechanisms causing their differentiation into myofibroblasts and transcriptional regulators of myofibroblast functions are not fully understood.

The Forkhead box (Fox) family of transcription factors regulates cell growth, tumor formation, tissue repair, organ development, and homeostasis ([@R17]; [@R26]; [@R6]). Forkhead box F1 (FOXF1) is a mesenchymal-specific transcription factor expressed in multiple mesenchyme-derived cell types, including normal hepatic stellate cells, peri-bronchial smooth muscle cells, lung microvascular endothelial cells, and fibroblasts ([@R29]). FOXF1 haploin-sufficiency is linked to various developmental abnormalities and pathologies, including alveolar capillary dysplasia ([@R50]), lung edema ([@R11]), defects in gall bladder development ([@R27]), and abnormal liver and lung repair after acute injury ([@R28], [@R29]). In addition, FOXF1 regulates lung mesenchymal stem cells ([@R55]; [@R34]). Although these reports establish FOXF1 as an important transcriptional regulator during organ development and acute injury, the role of FOXF1 in chronic lung diseases, such as pulmonary fibrosis, is not fully understood.

Through comprehensive analysis of human IPF genomics data, human normal lung and IPF biopsies, and transgenic mice with myofibroblast-specific deletion of *Foxf1*, the present study shows that loss of FOXF1 in myofibroblasts promotes pulmonary fibrosis. FOXF1-depleted myofibroblasts were more migratory, proliferative, and invasive and produced more collagens, all hallmarks of fibrotic pathogenesis. FOXF1 protein bound and transcriptionally regulated N-cadherin (*Cdh2*) and cadherin-11 (*Cdh11*) promoters. A switch between *Cdh2* and *Cdh11* expression caused myofibroblast activation, which was inhibited by FOXF1. Altogether, our data identify FOXF1 as an anti-fibrotic factor that regulates key myofibroblast functions driving fibrogenesis.

RESULTS {#S3}
=======

FOXF1 Expression Is Decreased in Human IPF Lung Fibroblasts and in Murine Bleomycin-Treated Fibrotic Lungs {#S4}
----------------------------------------------------------------------------------------------------------

To determine *FOXF1* expression in fibroblasts from human normal and IPF lungs, we assessed gene expression profiles from clinical IPF datasets GEO: GSE44723 ([@R39]), GEO: GSE17978 ([@R19]), and GEO: GSE1724 ([@R44]). Collectively, these data show that *FOXF1* mRNA expression was significantly decreased in human IPF fibroblasts compared to normal lung fibroblasts ([Figure 1A](#F1){ref-type="fig"}). In normal human lungs, immunofluorescence staining showed FOXF1 colocalized with known fibroblast markers (αSMA, PDGFRa, and DESMIN) ([Figure 1B](#F1){ref-type="fig"}). FOXF1 was absent in stromal cells within the fibroblastic foci of human IPF lesions ([Figure 1B](#F1){ref-type="fig"}). Thus, FOXF1 mRNA and protein were decreased in human IPF.

We assessed FOXF1 expression in mouse fibroblasts during bleomycin-induced pulmonary fibrosis. Wild-type mice were administered two or four weekly doses of bleomycin. Lungs were examined 14 and 28 days after injury to evaluate early and chronic stages of fibrosis, respectively ([Figure 1C](#F1){ref-type="fig"}) ([@R23]). Bleomycin caused severe pulmonary fibrosis with extensive collagen deposition ([Figures 1C and 1D](#F1){ref-type="fig"}) and increased expression of profibrotic genes ([Figure S1A](#SD1){ref-type="supplementary-material"}). As lung fibrosis progressed, *Foxf1* mRNA decreased in total lung lysates and in isolated lung fibroblasts ([Figures 1E](#F1){ref-type="fig"} and [S1A](#SD1){ref-type="supplementary-material"}). Flow cytometry analysis of isolated lung fibroblasts at different time points during bleomycin-induced fibrosis showed a time-dependent decrease in the mean fluorescence intensity of FOXF1 staining and in the number of cells coexpressing FOXF1 and αSMA ([Figures 1F, 1G](#F1){ref-type="fig"}, and [S1B](#SD1){ref-type="supplementary-material"}). Colocalization studies of normal, early fibrotic, and chronic fibrotic mouse lungs show that fibroblasts express FOXF1 in normal lungs but gradually decrease FOXF1 as fibrosis progresses ([Figure 1H](#F1){ref-type="fig"}). Serial sections of fibrotic lungs show that smooth muscle cells coexpress αSMA and gamma-smooth muscle actin (γSMA) and are localized as thin sheaths around bronchial airway and blood vessels ([Figures S1C and S1D](#SD1){ref-type="supplementary-material"}). Smooth muscle cells were not found in fibrotic lesions that contain αSMA-expressing myofibroblasts ([Figures S1C and S1D](#SD1){ref-type="supplementary-material"}).

Genetic Deletion of Foxf1 in αSMA-Expressing Cells Exacerbates Bleomycin-Induced Pulmonary Fibrosis {#S5}
---------------------------------------------------------------------------------------------------

Conditional inactivation of *Foxf1* was carried out in αSMA-expressing myofibroblasts during pulmonary fibrosis. Mice carrying a Tamoxifen (Tam)-inducible α*SMA-CRE^ERT2^* transgene ([@R58]) were crossed with mice carrying *Foxf1*-floxed alleles ([@R43]) to generate α*SMA-CRE^ERT2^; Foxf1^fl/f^* (*myoFoxf1* knockout \[KO\]) mice ([Figure 2A](#F2){ref-type="fig"}). In the presence of Tam, Exon 1, encoding the FOXF1 DNA binding domain, was excised by Cre recombinase in αSMA-positive cells. mTmG reporter showed Cre-mediated recombination in *ROSA26R(mTmG/+);*α*SMA-Cre-^ERT2^* (*mTmG;*α*SMA-Cre^ERT2^*) lungs and was increased after bleomycin treatment ([Figures S2A and S2B](#SD1){ref-type="supplementary-material"}). GFP was detected in 80% of αSMA-positive cells ([Figure S2B](#SD1){ref-type="supplementary-material"}). In uninjured mice, Tam treatment did not affect normal lung architecture of *Foxf1^fl/fl^* and *myoFoxf1 KO* mice ([Figure S2C](#SD1){ref-type="supplementary-material"}). To induce lung fibrosis, mice were treated with 1 U/kg bleomycin ([Figure 2B](#F2){ref-type="fig"}). Compared to [Figures 1C--1H](#F1){ref-type="fig"}, the lower dose of bleomycin was chosen to prevent mortality in the *myoFoxf1 KO* mice that developed severe fibrosis. After bleomycin injury, Tam-treated *myoFoxf1 KO* mice developed severe and persistent lung fibrosis, while few focal fibrotic lesions were found in Tam-treated *Foxf1^fl/fl^* mice ([Figure 2C](#F2){ref-type="fig"}).

Collagen deposition was significantly increased in Tam-treated *myoFoxf1 KO* mice after bleomycin injury, as shown with trichrome or Sirius red collagen stainings and collagen protein assays (Sircol and hydroxyproline) ([Figures 2C and 2D](#F2){ref-type="fig"}). Consistent with increased collagen deposition, total lung mRNAs for *Col1a1*, *Col3a1*, and α*SMA* were upregulated in *myoFoxf1 KO* lungs ([Figure 3A](#F3){ref-type="fig"}). Depletion of FOXF1 in *myoFoxf1 KO* mice was associated with increased expression of proinflammatory genes *IL1a* and *Tnfa* ([Figure 3A](#F3){ref-type="fig"}), inflammatory cells in bronchioalveolar lavage fluid (BALF), and increased numbers of MAC3-positive cells in lung parenchyma ([Figures 2E and 2F](#F2){ref-type="fig"}). Depletion of FOXF1 in *myoFoxf1 KO* mice exacerbated bleomycin-induced pulmonary fibrosis, collagen deposition, and pulmonary inflammation, indicating that FOXF1 is an anti-fibrotic transcription factor.

FOXF1 Deletion Induces Myofibroblast Differentiation {#S6}
----------------------------------------------------

Immunofluorescence studies showed that the number of αSMA+/FOXF1+ cells was decreased in myofibroblastic foci of *myoFoxf1 KO* lungs compared to *Foxf1^fl/fl^* control lungs, indicating efficient *Foxf1* deletion ([Figures 3B](#F3){ref-type="fig"} and [S3A](#SD1){ref-type="supplementary-material"}). Decreased numbers of FOXF1+ myofibroblasts and diminished FOXF1 protein were detected in *myoFoxf1 KO* mice as early as day 3 after Tam administration ([Figures S3A and S3B](#SD1){ref-type="supplementary-material"}). To validate the efficiency of *Foxf1* deletion, lung fibroblast fractions were isolated from uninjured, Tam- and bleomycin-treated control, and *myoFoxf1 KO* mice. *Foxf1* mRNA was decreased in a time-dependent manner in fibroblast fractions isolated from bleomycin-treated *myoFoxf1 KO* lungs ([Figures 3C](#F3){ref-type="fig"} and [S3C](#SD1){ref-type="supplementary-material"}). Decreased *Foxf1* mRNA was associated with increased mRNAs of genes linked to activated myofibroblasts, including *Acta2* (α*SMA*), *vimentin* (*Vim*), and *Pdgfra*, as well as extracellular matrix components *fibronectin* (*Fn1*), *Col1a1*, and *Col3a1* ([Figure 3C](#F3){ref-type="fig"}). Lung fibroblast fractions isolated from uninjured control and *myoFoxf1 KO* mice had similar levels of FOXF1, αSMA, VIM, and PDGFRa protein ([Figure 3D](#F3){ref-type="fig"}). In contrast, fibroblast fractions isolated from bleomycin-treated *Foxf1^fl/fl^* lungs had reduced FOXF1 protein and increased αSMA, VIM, and PDGFRa protein levels compared to uninjured *Foxf1^fl/fl^* lungs, consistent with the development of lung fibrosis ([Figure 3D](#F3){ref-type="fig"}). Deletion of *Foxf1* in *myoFoxf1 KO* myofibroblasts further increased αSMA, VIM, and PDGFRa protein levels ([Figure 3D](#F3){ref-type="fig"}), consistent with exacerbated pulmonary fibrosis in *myoFoxf1 KO* mice ([Figures 2C and 2D](#F2){ref-type="fig"}). Because isolated lung fibroblast fractions consist of a mix of fibroblasts and myofibroblasts, we used fluorescence-activated cell sorting (FACS) analysis to determine the proportions of each of these cell types in response to *Foxf1* deletion and bleomycin treatment ([Figure S4A](#SD1){ref-type="supplementary-material"}). Uninjured *Foxf1^fl/fl^* and *myoFoxf1 KO* lung had similar percentages of fibroblast (CD31−CD45−CD326−MHY11−αSMA−) and myofibroblast (CD31−CD45−CD326−MHY11−αSMA+) populations ([Figures 3E, 3F](#F3){ref-type="fig"}, and [S4A](#SD1){ref-type="supplementary-material"}). However, after bleomycin treatment, the percentage of myofibroblasts increased, while fibroblast populations decreased in *myoFoxf1 KO* mice ([Figures 3E and 3F](#F3){ref-type="fig"}). The percentage of αSMA+/FOXF1+ myofibroblasts was reduced in *myoFoxf1 KO* mice compared to *Foxf1^fl/fl^* controls ([Figures 3E and 3G](#F3){ref-type="fig"}). This is consistent with efficient deletion of *Foxf1* by the α*SMA-Cre^ERT2^* transgene. The percentage of smooth muscle cells (CD31−CD45−CD326−αSMA+MHY11+) did not change in *myoFoxf1 KO* lungs ([Figures S4B--S4E](#SD1){ref-type="supplementary-material"}). Collectively, these data demonstrate that genetic deletion of *Foxf1* in αSMA-expressing myofibroblasts caused myofibroblast differentiation and collagen production, associated with increased expression of α*SMA*, *Vim*, *Pdgfr*α, *Fn1*, *Col1a1*, and *Col3a1*, known markers of activated myofibroblasts.

Deletion of Foxf1 Increased Myofibroblast Migration and Invasion {#S7}
----------------------------------------------------------------

To determine whether FOXF1 regulates functions of myofibroblasts during pulmonary fibrosis, we assessed proliferation, migration, and invasion of primary lung fibroblasts isolated from *Foxf1^fl/fl^* control and *myoFoxf1 KO* mice. Bleomycin-treated *myoFoxf1 KO* mice had \~2-fold higher fibroblast cell numbers compared to *Foxf1^fl/fl^* mice ([Figure 4A](#F4){ref-type="fig"}). mRNAs of proliferation-specific *Foxm1*, *Ccnb1*, *Cdc25b*, and *Aurkb* genes were increased in total lung and myofibroblasts isolated from *myo-Foxf1 KO* lungs ([Figure 4B](#F4){ref-type="fig"}). Colocalization studies demonstrated increased numbers of Ki-67- and FOXM1-positive cells in *myoFoxf1 KO* lungs ([Figure 4C](#F4){ref-type="fig"}). Using transwell migration and Matrigel invasion assays, we measured the migration and invasion of fibroblasts isolated from bleomycin-treated *Foxf1^fl/fl^* and *myoFoxf1 KO* mice. Migration and invasion of *myoFoxf1 KO* fibroblasts increased \~30% compared to *Foxf1^fl/fl^* fibro-blasts ([Figures 4D--4G](#F4){ref-type="fig"}). No differences in migration or invasion were detected in uninjured, Tam-treated *Foxf1^fl/fl^*, and *myoFoxf1 KO* fibroblasts ([Figures 4D--4G](#F4){ref-type="fig"}). Depletion of *Foxf1* increased myofibroblast migration and invasion, exacerbating pulmonary fibrosis in bleomycin-treated *myoFoxf1 KO* mice.

FOXF1 Regulates Genes Essential for Myofibroblast Differentiation and Function {#S8}
------------------------------------------------------------------------------

RNA sequencing (RNA-seq) analysis was performed to compare genome-wide mRNA expression profiles of fibroblasts isolated from bleomycin-treated *myoFoxf1 KO* and *Foxf1^fl/fl^* lungs. Purity of isolated fibroblasts was assessed by the absence of markers for endothelial, epithelial, and immune cells ([Figure S5](#SD1){ref-type="supplementary-material"}). RNA-seq analysis identified 2,803 transcripts differentially expressed in *myoFoxf1 KO* fibroblasts using the following criteria: absolute value of fold change \> 2 and false discovery rate (FDR)-adjusted p value \< 0.01 ([Figure 5A](#F5){ref-type="fig"}). The most enriched functional categories in *myoFoxf1 KO* lung fibroblasts were related to response to wound healing, extracellular matrix organization, cell migration, focal adhesion, and cell adhesion ([Figures 5B and 5C](#F5){ref-type="fig"}), consistent with the increased invasive phenotype of *myoFoxf1 KO* lung fibroblasts ([Figures 4D--4G](#F4){ref-type="fig"}). *Foxf1* mRNA was decreased 2.4-fold in *myoFoxf1 KO* lung fibroblasts ([Figure 5D](#F5){ref-type="fig"}), a finding confirmed by qRT-PCR ([Figure 5E](#F5){ref-type="fig"}). Expression of several genes from each functional category was validated by qRT-PCR, including *Jup*, *Adam10*, *Rock1*, *Ccl2*, *Cdh2*, and *Cdh11* and genes involved in cell junctions, extracellular matrix organization, inflammatory response, and migration ([Figures 5D and 5E](#F5){ref-type="fig"}). *Cdh2* was not detected in *myoFoxf1 KO* lung fibroblasts; however, *Cdh11* mRNA was increased ([Figure 5E](#F5){ref-type="fig"}). Thus, FOXF1 regulates fibroblast genes associated with pulmonary fibrosis.

FOXF1 Regulates CDH2-CDH11 Cadherin Switch in Mouse and Human Lung Fibroblasts {#S9}
------------------------------------------------------------------------------

CDH2 and CDH11 are homophilic adhesion molecules identified as mesenchymal-specific cadherins ([@R3]; [@R1]). Because cadherin signaling is associated with pathogenic fibroblast functions ([@R20]; [@R13]; [@R46]), we focused our next studies on the FOXF1-dependent regulation of CDH2 and CDH11. Western blot analysis of isolated myofibroblasts and colocalization studies showed decreased CDH2 and increased CDH11 in myofibroblasts isolated from bleomycin-treated *myoFoxf1 KO* lungs ([Figures 5F--5H](#F5){ref-type="fig"}). In addition, FACS analysis showed *myoFoxf1 KO* mice had increased percentages of CDH11+CDH2− cells among myofibroblast and fibroblast populations ([Figures 5I](#F5){ref-type="fig"} and [S6A--S6C](#SD1){ref-type="supplementary-material"}). *In vitro* studies using NIH 3T3 fibroblasts with stable expression or inhibition of FOXF1 showed that FOXF1 expression positively correlated with CDH2 and inversely correlated with CDH11 protein and mRNA levels ([Figures S7A and S7B](#SD1){ref-type="supplementary-material"}).

Next, we assessed CDH2 and CDH11 expression in human IPF lungs using clinical datasets wherein *FOXF1* mRNA was decreased ([Figure 1A](#F1){ref-type="fig"}). Analysis revealed that *CDH2* mRNA was significantly decreased ([Figure 6A](#F6){ref-type="fig"}) but *CDH11* mRNA was increased in human IPF fibroblasts ([Figure 6B](#F6){ref-type="fig"}). Consistent with mRNA data, CDH2 protein levels were decreased but CDH11 protein levels were increased in human IPF lungs, as shown by immunostaining ([Figures 6C and 6D](#F6){ref-type="fig"}) and western blot ([Figure 6E](#F6){ref-type="fig"}). These data demonstrated that FOXF1 regulates a switch between CDH2 and CDH11 expression in myofibroblasts that may contribute to fibrosis in human and mouse lungs.

FOXF1 Directly Binds to and Regulates Transcriptional Activity of Cdh2 and Cdh11 Promoters {#S10}
------------------------------------------------------------------------------------------

Because inactivation of FOXF1 in myofibroblasts was associated with decreased CDH2 and increased CDH11 expression *in vivo* and *in vitro*, we tested whether FOXF1 directly binds to and regulates transcription of *Cdh2* and *Cdh11* genes. Using chromatin immunoprecipitation sequencing (ChIP-seq) analysis with FOXF1 antibodies, FOXF1 binding peaks were identified within the −5 kb promoter region of *Cdh2* ([Figure S7C](#SD1){ref-type="supplementary-material"}), indicating that FOXF1 binds to the *Cdh2* promoter region. FOXF1 binding to the *Cdh2* promoter was confirmed by a conventional ChIP assay, in which FOXF1 and FLAG antibodies were used to immunoprecipitate FOXF1 in mouse NIH 3T3 fibroblasts stably expressing a His-FLAG-tagged *Foxf1* construct ([Figures 7A](#F7){ref-type="fig"} and [S7D](#SD1){ref-type="supplementary-material"}). Thirteen potential FOXF1 binding sites were identified in the −5 kb *Cdh2* promoter region ([Figure 7A](#F7){ref-type="fig"}; [Table S2](#SD2){ref-type="supplementary-material"}). FOXF1 physically bound to the −1,925/−1,776 base pair (bp) region of the *Cdh2* promoter, which contains two FOXF1-binding motifs ([Figure 7A](#F7){ref-type="fig"}). FOXF1 binding was also detected in the promoter of *Pdgfb*, a known transcriptional target of FOXF1 ([@R9]; [@R43]) used as a positive control ([Figure 7A](#F7){ref-type="fig"}). FOXF1 did not bind to *Gapdh* DNA, which lacked FOXF1 binding sites ([Figure 7A](#F7){ref-type="fig"}). To test whether FOXF1 directly regulated *Cdh2* transcription, we cloned the −3,087/+71 bp *Cdh2* promoter region, which contains high-affinity FOXF1 binding sites, into the pGL2-Basic luciferase (LUC) vector to generate the *pGL2-Cdh2-Luc* reporter ([Figure 7B](#F7){ref-type="fig"}). This reporter was cotransfected with CMV-Empty or CMV-*Foxf1* expression plasmids into HEK293T cells. CMV-*Foxf1* plasmid induced transcriptional activity of the *Cdh2* promoter region ([Figure 7B](#F7){ref-type="fig"}). In addition, the FOXF1 binding region had mono- and tri-methylation of histone 3 lysine 4 (H3K4) ([Figure S7C](#SD1){ref-type="supplementary-material"}), which was shown to be associated with active transcription ([@R8]). This is consistent with the findings that FOXF1 increased Cdh2 mRNA and protein ([Figures 5G--5I](#F5){ref-type="fig"}). Thus, FOXF1 transcriptionally activates the *Cdh2* gene.

ChIP-seq analysis was also used to assess whether FOXF1 bound to the −5 kb promoter region of the *Cdh11* gene ([Figure S7E](#SD1){ref-type="supplementary-material"}). In contrast to *Cdh2*, methylation marks on *Cdh11* demonstrated significant tri-methylation of histone 3 lysine 27 (H3K27) in the same binding region of *Cdh11* ([Figure S7E](#SD1){ref-type="supplementary-material"}), indicating that FOXF1 may repress transcription from this site. Four potential FOXF1 binding sites were found in the *Cdh11* promoter region ([Figure 7C](#F7){ref-type="fig"}; [Table S2](#SD2){ref-type="supplementary-material"}). FOXF1 directly bound to the −2,401/−2,146 bp mouse *Cdh11* promoter region (which contain two FOXF1-binding motifs), as shown by ChIP ([Figure 7C](#F7){ref-type="fig"}; [Table S2](#SD2){ref-type="supplementary-material"}). To test whether FOXF1 directly inhibits *Cdh11* transcription, we cloned the −2,497/−137 bp *Cdh11* promoter region, which contains high-affinity FOXF1 binding sites, into the pGL2-Basic LUC vector to generate the *pGL2-Cdh11-Luc* reporter ([Figure 7D](#F7){ref-type="fig"}; [Table S2](#SD2){ref-type="supplementary-material"}). FOXF1 decreased transcriptional activity of the *Cdh11* promoter region, indicating that FOXF1 is a repressor of the *Cdh11* gene ([Figure 7D](#F7){ref-type="fig"}). Altogether, these data demonstrate that FOXF1 activates *Cdh2* but inhibits *Cdh11* transcription, regulating a switch between these cadherins during pulmonary fibrogenesis.

FOXF1 Regulates Fibroblast Invasion through Activation of CDH2 and Repression of CDH11 {#S11}
--------------------------------------------------------------------------------------

Because FOXF1 activates CDH2 and represses CDH11 during lung fibrogenesis in mice and in IPF patients, we assessed whether increased invasion of FOXF1-deficient myofibroblasts depends on CDH2 and CDH11. FOXF1 was depleted from human CCL-210 lung fibroblasts, and migration was assessed *in vitro*. Inhibition of FOXF1 increased fibroblast invasion through basement membrane matrixes ([Figure 7E](#F7){ref-type="fig"}). Re-expression of CDH2 or inhibition of CDH11 reduced invasion of FOXF1-defi-cient lung fibroblasts, indicating that CDH2 and CDH11 function downstream of FOXF1 to regulate fibroblast invasion ([Figures 7E and 7F](#F7){ref-type="fig"}). In reciprocal experiments, overexpression of FOXF1 decreased fibroblast invasion through basement membrane matrix ([Figures S7F and S7G](#SD1){ref-type="supplementary-material"}). Inhibition of CDH2 or overexpression of CDH11 in CCL-210 fibroblasts expressing exogenous FOXF1 was sufficient to restore fibroblast invasion to the levels found in control cells ([Figures S7F and S7G](#SD1){ref-type="supplementary-material"}). These rescue experiments identified *CDH2* and *CDH11* as key targets of FOXF1 in human lung fibroblasts. Collectively, our mouse and human lung data suggest that FOXF1 inhibits pulmonary fibrosis by decreasing myofibroblast differentiation, migration, and invasion through transcriptional regulation of *CDH2* and *CDH11* ([Figure 7G](#F7){ref-type="fig"}).

DISCUSSION {#S12}
==========

IPF is a lethal fibrotic lung disease with limited therapies. Treatments that target fibroblast populations and fibrogenic pathways have proved most effective to halt IPF expansion ([@R12]). Identifying molecular mechanisms that regulate stromal cell activation are critical to provide novel therapeutics for IPF ([@R47]). In the present study, we identified FOXF1 protein as an anti-fibrotic factor that regulates fibroblast functions *in vitro* and *in vivo*. Deletion of FOXF1 during fibroblast-to-myofibroblast transition exacerbates bleomycin-induced lung fibrosis by regulating *Cdh2* to *Cdh11* cadherin switching and increasing migration and invasion of myofibroblasts.

IPF is triggered by recurrent epithelial cell injury that induces unrestrained differentiation of myofibroblasts, the key effector cells in fibrosis. Myofibroblasts express αSMA stress fibers, deposit collagen, and localize to fibrotic foci, which are the active sites of IPF ([@R48]; [@R2]). We showed that FOXF1 is expressed in normal lung fibroblasts but decreased during myofibroblast activation and fibrogenesis. At late stages of lung fibrosis, FOXF1 was absent in myofibroblasts within fibrotic foci, a finding consistent with previous studies ([@R35]). However, the same group reported that IPF fibroblasts expressed FOXF1 *in vitro*, which is inconsistent with their findings in IPF fibrotic foci *in vivo*. These inconsistencies in FOXF1 expression levels may reflect different biological conditions in fibrotic lungs *in vivo* compared to cell cultures *in vitro* or different protocols used for isolation and culture of lung fibroblasts. The data presented in this manuscript using conditional KO mice clearly show that FOXF1 acts as an anti-fibrotic factor *in vivo* and *in vitro*.

To understand the role of FOXF1 in lung fibrogenesis, we specifically deleted *Foxf1* in αSMA-expressing myofibroblasts during bleomycin-induced lung fibrosis. Our current data show that FOXF1 expression in fibroblasts controls key pathogenic functions that contribute to IPF. FOXF1-deficient fibroblasts isolated from fibrotic lung had a greater capacity to migrate to and invade the matrix. The importance of fibroblast migration and invasion in the pathogenesis of IPF has been highlighted in histological observations ([@R48]). In IPF, fibroblastic foci are usually located distal to alveolar basement membranes and under poorly adherent alveolar epithelium. The locations of these lesions suggest that fibroblasts and myofibroblasts must migrate and invade through damaged epithelial basement membranes to enter alveolar spaces, where they accumulate and form fibroblastic foci.

Cadherins are adhesion molecules that mediate calcium-dependent, homophilic cell-to-cell adhesion and regulate a variety of processes in a tissue-type- and cell-type-specific context. CDH2 and CDH11 have been described as mesenchymal-specific cadherins ([@R13]; [@R1]) and are critical regulators of mesenchymal stem cell differentiation and fate decisions ([@R3]). Primary fibroblasts changed cadherin expression from CDH2 to CDH11 in αSMA-positive myofibroblasts during dermal wound healing. Myofibroblast differentiation was associated with increased CDH11 and decreased CDH2 levels, as well as changes in functional phenotypes of pathogenic myofibroblasts ([@R40]; [@R20]). After epithelial injury, profibrotic mediators induce EMT and regulate CDH2 to promote fibrosis ([@R52]; [@R7]). However, it is not clear whether changes in CDH2 levels are essential for the development of fibrosis. CDH11 contributes to pulmonary fibrosis by regulating transforming growth factor β (TGF-β) production in alveolar macrophages and EMT in alveolar epithelial cells ([@R46]). However, the role of CDH11-expressing fibroblasts in fibrosis is unknown. In the present study, we demonstrated that FOXF1 is directly bound to *Cdh2* and *Cdh11* promoters and differentially regulates transcription of these genes. We also showed that FOXF1 controls fibroblast invasion *in vitro* via CDH2 and CDH11. The action of cadherins involves both homophilic cell-to-cell adhesion and actin cytoskeleton organization critical for cell motility and invasion. Both CDH2 and CDH11 bind to β-catenin and regulate the Wnt/β-catenin pathway. This is in line with several reports that CDH2 and CDH11 mediate migration and invasion in a variety of cell types ([@R53]; [@R30]). Thus, on the basis of our findings, FOXF1 and its downstream targets, CDH2 and CDH11, may represent promising targets for anti-fibrotic therapy in progressive fibrotic diseases, including IPF.

In normal lung, αSMA marks perivascular and peribronchiolar smooth muscle cells, which are localized as sheaths around bronchi and blood vessels, as well as myofibroblasts that are discontinuously located at the alveolar entrance ring. Because α*SMA-Cre^ERT2^* also targets smooth muscle cells, it is possible that *Foxf1* deletion from smooth muscle cells can contribute to increased lung fibrosis in FOXF1-deficient mice, possibly through release of paracrine inflammatory mediators ([@R31]). However, we did not observe changes in the percentage of smooth muscle cells in FOXF1-deficient lungs, indicating that FOXF1 may have distinct functions in myofibroblasts and smooth muscle cells. We also observed increased inflammation in bleomycin-treated *myoFoxf1 KO* lungs. Inflammatory responses are triggered during fibrogenesis. An increase in bronchoalveolar (BAL) immune cells number has been identified as a predictive biomarker of progressive lung diseases, including IPF ([@R59]; [@R49]). Therefore, increased inflammation may contribute to profibrotic responses in FOXF1-deficient mice.

FOX transcription factors regulate several biological processes including cell proliferation, tumor development, tissue repair, organ development, and homeostasis ([@R17]; [@R26]). FOXM1 is a well-known transcriptional activator of cell-cycle regulatory genes, such as *Cdc25B*, *Cyclin B1*, *Plk1*, *Topo2*, and *Aurora B kinase* ([@R56]). FOXM1 is overexpressed in many human cancers and solid tumors ([@R10]; [@R5]; [@R26]). FOXM1 promotes lung fibrosis by inducing EMT and stimulating pulmonary inflammation through increased expression of pro-inflammatory mediators ([@R7]). In the current study, FOXM1 was increased in FOXF1-deficient fibroblast fractions, a finding consistent with increased cell proliferation in *myoFoxf1 KO* fibrotic foci. We found that *myoFoxf1 KO* mice had decreased fibroblast but increased myofibroblast populations. Because proliferation and the percentage of myofibroblasts increased in bleomycin-injured *myoFoxf1 KO* mice, it is possible that the change in the ratios of fibroblasts to myofibroblasts can contribute to increased migration and invasion of *myoFoxf1 KO* fibroblasts *in vitro*. This suggests a potential role of FOXM1-dependent proliferation in the progression of lung fibrosis in FOXF1-deficient mice.

Because of the lack of common markers that label heterogeneous fibroblast populations that contribute to pulmonaryfibrosis, it is technically challenging to target fibroblast populations before myofibroblast differentiation ([@R45]; [@R7]; [@R18]; [@R22]). Future studies identifying markers that are shared by fibroblast subsets are critical to better define fibroblast populations important for fibrosis.

In summary, FOXF1 inhibits pulmonary fibrosis by preventing CDH2-CDH11 cadherin switching and regulating myofibroblast migration and invasion. On the basis of these findings, FOXF1 and its downstream effectors may represent promising targets for anti-fibrotic therapy in IPF.

EXPERIMENTAL PROCEDURES {#S13}
=======================

Transgenic Mice and Bleomycin-Induced Pulmonary Fibrosis Models {#S14}
---------------------------------------------------------------

The *Foxf1^fl/fl^* mouse line was generated as 129/C57BL/6 hybrids and bred into the C57BL/6 mouse background ([@R43]). *Foxf1^fl/fl^* mice were bred with α*SMA-Cre-^ERT2^* mice ([@R58]) to generate α*SMA-Cre-^ERT2^; Foxf1^fl/fl^* (abbreviated as *myoFoxf1 KO*) mice. Single transgenic *Foxf1^fl/fl^* litter-mates were used as controls. Both male and female mice aged 8--12 weeks were used for all experiments. *ROSA26R(mTmG/mTmG)* mice (Jackson Laboratory) were crossed with α*SMA-Cre-^ERT2^* mice to generate *mTmG;*α*SMA-Cre^ERT2^* mice. For bleomycin-induced fibrosis studies, mice were administered 1 or 2 U/kg of bleomycin sulfate (EMD Biosciences) intratracheally one time per week for 2, 3, or 4 weeks. Tam was given (40 mg/kg; Sigma) by intraperitoneal injection on days 2, 3, and 4 after bleomycin treatment. Mice were harvested 1 week after final bleomycin treatment. Quantification of lung collagen content was performed using the Sircol collagen assay (Biocolor, Carrickfergus, UK) and the HydroxyprolineAssay Kit (Sigma) following the manufacturers' protocols.

Human Lung Samples {#S15}
------------------

Lung samples were obtained at the University of Vienna and the University of Giessen Lung Center from patients with IPF (n = 9), and control organ donors (n = 6) were obtained anonymously following lung transplantation. Diagnosis was done according to the American Thoracic Society/European Respiratory Society (ATS/ERS) criteria for IPF. Utilization of human lung samples was reviewed and approved by the Ethics Committee of Justus-Liebig-University of Giessen.

Immunohistochemistry, Immunofluorescence Staining, and Real-Time qRT-PCR {#S16}
------------------------------------------------------------------------

Lung paraffin sections were stained with H&E, and immunofluorescence staining was performed as previously described ([@R42]). Images were obtained using a Zeiss AxioPlan 2 microscope. Antibody information is shown in [Table S1](#SD2){ref-type="supplementary-material"}. The RNeasy Mini Kit (QIAGEN) was used to isolate total RNA from total lung lysates or isolated fibroblasts. qRT-PCR was performed using the StepOnePlus Real-Time PCR system (Applied Biosystems) as previously described ([@R11]). TaqMan probes used are listed in [Table S1](#SD2){ref-type="supplementary-material"}.

Isolation of Mouse Fibroblasts {#S17}
------------------------------

Mouse lung fibroblasts were isolated from mouse lungs as previously described ([@R51]; [@R24]).

Flow Cytometry {#S18}
--------------

Flow cytometry experiments were conducted as previously described ([@R42]; [@R25]). [Table S1](#SD2){ref-type="supplementary-material"} lists antibodies used. Fibroblast sub-populations were identified as CD45−CD326−CD31−MHY11−PDGFRa+. Myofibroblasts were defined as CD45−CD326−CD31−MHY11−αSMA+. Smooth muscle cell populations were defined as CD45−CD326−CD31−MHY11+αSMA+. Cells were permeabilized and stained with fluorescence-labeled antibodies ([Table S1](#SD2){ref-type="supplementary-material"}). 7AAD (eBioscience) or fixed viability dye (Thermo Fisher Scientific) was used to label dead cells. Flow cytometry data were acquired using FACSCanto II or LSR II (BD Biosciences).

Transwell Migration and Invasion Assays {#S19}
---------------------------------------

Migration and invasion of human or mouse cells were performed as described previously ([@R24]; [@R32]). 100,000 fibroblasts were seeded in 0.5% fetal bovine serum (FBS) media onto an 8 μm pore permeable transwell insert or BioCoat Matrigel Invasion Chamber (BD), and cell migration or invasion was performed in the presence of 10% FBS complete medium. After 48 hr, media were removed, and the polycarbonate filters with the migrated or invaded cells were stained with crystal violet. The migrating or invading cells of each sample were counted in ten randomly selected fields.

Western Blot {#S20}
------------

Western blot analysis was done as described previously ([@R16]). The full primary antibody list is shown in [Table S1](#SD2){ref-type="supplementary-material"}. β-actin was used as loading control. The signals from the primary antibody were amplified by horseradish peroxidase (HRP)-conjugated immunoglobulin G (IgG) (Bio-Rad) and detected with Pierce ECL western blotting substrate (Thermo Fisher Scientific) followed by autoradiography.

RNA-Seq Analysis {#S21}
----------------

RNAfrom fibroblasts isolated from bleomycin-treated *Foxf1^fl/fl^* and *myoFoxf1KO* mouse lungs was used for RNA-seq analysis. Genes were prefiltered by counts \> 20 and reads per kilobase million (RPKM) \> 1 in at least one sample. Differentially expressed genes were identified using DESeq with fold change \> 2 and an adjusted p value (FDR) \< 0.01, and the p value was calculated using Z test (Pearson's chi-square test) in the Agilent GeneSpring GX suite ([@R4]). Differentiated expressed genes were analyzed using the ToppGene Suite ([@R15]). The statistical significance of each bioprocess was calculated using a negative logarithm (−log10) of the p value. The heatmap was constructed on differentially expressed genes using JMP Genomics 6.0.

Constructs and Transfection Studies {#S22}
-----------------------------------

NIH 3T3 and normal human lung fibroblast CCL-210 (ATCC) cells were cultured as described previously ([@R57]). Plasmid and small interfering RNA (siRNA) transfections were performed using Lipofectamine 2000 (Invitrogen). For transient knockdown, siRNAs targeting either open reading frame (ORF) (mouse, 5′-GAAAGGAGUUUGUCUUCU C-3′; human, 5′-GGAA AUGCCAGGCGCUCAAUU-3′) or siFoxF1-3′UTR (mouse, 5′-CCAGAUACGU GGAAA GAAUUU-3′; human, 5′-GCAGAAAGGUUAAGG CACUUU-3′) were purchased from Dharmacon. For retroviral-mediated stable knockdown of *Foxf1*, short hairpin RNA (shRNA) targeting the 3′ UTR of mouse *Foxf1* was used (5′-AAATGTTAGTGGTGGGTCTGA-3′). Stable cell lines were generated using lentiviruses carrying either *pLKO.1:Puro-shControl* or *pLKO.1:Puro-shFoxf1-3*′*UTR* followed by puromycin selection ([@R41]; [@R37]). Murine *Foxf1* cDNAs were PCR amplified, and N-terminal FLAG and C-terminal His tags were introduced by using PCR as previously described ([@R36]). PCR was performed using AccuPrime Pfx DNA Polymerase according to the manufacturer's protocol (Invitrogen). The retroviral and lentiviral particles were made in Cincinnati Children's Viral Vector Core facility, and the generation of stable cell lines was done as described previously ([@R36]).

ChIP and LUC Assays {#S23}
-------------------

ChIP was performed as previously described ([@R11]). Stable NIH 3T3 cells overexpressing FOXF1 were crosslinked and sonicated to create DNA fragments between 300 and 500 bp. Protein/DNA complexes were used for immunoprecipitation with FOXF1 antibody (R&D Systems) or control goat IgG (Vector Laboratories). Reverse crosslinked ChIP DNA samples were subjected to real-time PCR, using specified primer sets outlined in [Table S2](#SD2){ref-type="supplementary-material"}. The −3,087/+71 kb region of the mouse *Cdh2* promoter (NC_000084.6) was PCR amplified and cloned into the pGL2-Basic LUC vector using the following primers: 5′-TGCAGACTGAAGTTAACTGCAGAG-3′ and 5′-TGCTCGAGGCC GTGCGCGTT-3′. The −2,497/−137 kb region of the mouse *Cdh11* promoter (NC_000074.6) was cloned using the following primers: 5′-CAAGTGTGCA GCGCCACTTGA-3′ and 5′-GCTAGTGGCAGGAATGAG AAAC-3′. LUC constructs were previously described ([@R37]). HEK293T cells were transfected with CMV-Foxf1 or CMV-empty plasmids, as well as with LUC constructs. CMV-Renilla was used as an internal control to normalize transfection efficiency.

Statistics {#S24}
----------

Statistical significance differences in measured variables between experimental and control groups were assessed by Student's t test (two-tailed) or one-way ANOVA with Bonferroni test. p \< 0.05 was considered significant. Values for all measurements were expressed as mean ± SD or as mean ± SEM. Statistical analysis was performed and data were graphically displayed using GraphPad Prism v.5.0 for Windows (GraphPad).

Study Approval {#S25}
--------------

All animal studies were approved by Cincinnati Children's Research Foundation Institutional Animal Care and Use Committee and covered under our animal protocol (IACUC2016-0070). Cincinnati Children's Research Foundation Institutional Animal Care and Use Committee is an AAALAC- and NIH-accredited institution (NIH Insurance No. 8310801).
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![Decreased FOXF1 in Human IPF and Mouse Bleomycin-Treated Lungs\
(A) *FOXF1* mRNA is decreased in fibroblasts isolated from human IPF and normal lung tissues. Data obtained from GEO: GSE44723, GSE17978, and GSE1724. Data presented as mean ± SD.\
(B) Decreased FOXF1 protein in myofibroblasts of IPF fibrotic foci. Lung sections from human IPF patients (n = 7) and normal lung donors (n = 6) stained with H&E or costained with antibodies against FOXF1 and fibroblast markers.\
(C) Schematic of bleomycin-induced fibrosis in mice. Lungs from bleomycin-treated mice were harvested on day 14 for early fibrosis and day 28 for chronic fibrosis.\
(D) Lung collagen was quantified by Sircol collagen assay.\
(E) *Foxf1* mRNA is decreased in isolated lung fibroblasts during lung fibrosis progression, shown by qRT-PCR. Data presented as mean ± SEM.\
(F) Intensity of FOXF1 staining in lung fibroblasts is decreased during progression of fibrosis, as shown by flow cytometry. Mean fluorescence intensity of FOXF1 was determined for the CD326−CD45−CD31− lung fibroblasts.\
(G) Percentage of FOXF1+ fibroblasts among CD326−CD45−CD31− lung fibroblasts in untreated and bleomycin-treated mice was determined by flow cytometry and presented as mean ± SD. See also [Figure S1](#SD1){ref-type="supplementary-material"}.\
(H) Lung tissue sections from normal and bleomycin-treated mice were stained with H&E or Masson's trichrome, or costained with antibodies against FOXF1 and fibroblast markers. n = 5 mice/group in (D)--(H).\
All scale bars indicate 20 μm. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 by Student's t test. See also [Figure S1](#SD1){ref-type="supplementary-material"}.](nihms961957f1){#F1}

![Deletion of *Foxf1* in αSMA-Expressing Myofibroblasts Accelerates Bleomycin-Induced Pulmonary Fibrosis\
(A) Schematic of *Foxf1* deletion in α*SMA-CRE-^ERT2^;Foxf1^fl/fl^* (*myoFoxf1 KO*) transgenic mice.\
(B) Schematic of bleomycin treatment to induce lung fibrosis.\
(C) Increased fibrosis and collagen deposition are shown with H&E, trichrome, and Sirius red and fast green stainings.\
(D) Collagen deposition was quantitated with Sirius red, Sircol, and hydroxyproline assays using control *Foxf1^fl/fl^* (n = 9) and *myoFoxf1 KO* (n = 11) mouse lungs at day 21 after first bleomycin treatment.\
(E) Increased number of cells in BALF from bleomycin-treated *myoFoxf1 KO* lungs.\
(F) Increased number of macrophages in bleomycin-treated *myoFoxf1 KO* lungs. The number of MAC3+ cells was counted and quantified per 1,000 cells using 10 random microscope fields. Representative images are shown for n = 9--11 mice.\
Data presented as mean ± SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 by Student's t test. All scale bars indicate 20 μm. See also [Figure S2](#SD1){ref-type="supplementary-material"}.](nihms961957f2){#F2}

![Increased Myofibroblast Differentiation and Collagen Production in *myoFoxf1 KO* Lungs after Bleomycin\
(A) *Foxf1* depletion increased mRNAs of collagens and inflammatory cytokines. n = 9--11 mice per group.\
(B) Efficient FOXF1 deletion is shown by immunofluorescence costaining of αSMA and FOXF1 in fibrotic lesions of bleomycin-treated control and *myoFoxf1 KO* lungs. Percentage of αSMA+/FOXF1+ double-positive cells in control and *myoFoxf1 KO* mice was quantified and presented as mean ± SD. Scale bars indicate 20 μm. See also [Figure S3](#SD1){ref-type="supplementary-material"}.\
(C and D) FOXF1 deletion increased activated myofibroblasts markers in isolated lung fibroblasts from bleomycin-treated *myoFoxf1 KO* (n = 6) and control (n = 5) mice, shown by (C) qRT-PCR and (D) western blot. Total lung was used to isolate RNA and protein. Western blot data were quantified using densitometry and presented as mean ± SD. See also [Figure S3](#SD1){ref-type="supplementary-material"}.\
(E--G) FACS analysis shows an increase in the percentage of myofibroblasts (CD45−CD326−CD31−MHY11−αSMA+) and a decrease in the percentage of fibroblasts (CD45−CD326−CD31−MHY11−αSMA−) in bleomycin-treated *myoFoxf1 KO* lungs. (E) Representative dot plots and (F) quantification of the percentage of myofibroblasts and fibroblasts. Decreased percentage of FOXF1-positive lung myofibroblasts (CD45−CD326−CD31−MHY11−αSMA+) in *myoFoxf1 KO* mice (G) quantified by FACS analysis. n = 4 mice/group.\
Data presented as mean ± SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 by Student's t test. See also [Figure S4](#SD1){ref-type="supplementary-material"}.](nihms961957f3){#F3}

![Deletion of *Foxf1* Increases Fibroblast Migration and Invasion\
(A) Increased numbers of fibroblast isolated from bleomycin-treated *myoFoxf1 KO* lungs.\
(B) Increased mRNAs of proliferation-specific genes in fibroblasts isolated from *myoFoxf1 KO* lungs are shown by qRT-PCR. n = 7--8 mice per group.\
(C) Ki-67 and αSMA costaining in bleomycin-treated lungs. The number of Ki-67^+^ cells was counted and quantified per image using 10 random microscope fields. n = 7--8 mice per group.\
(D) Increased migration of fibroblasts isolated from bleomycin-treated *myoFoxf1 KO* lungs was shown using transwell inserts.\
(E) Migrated cells were stained with crystal violet and counted.\
(F) Increased invasion of FOXF1-deficient fibroblasts was assessed using Matrigel-coated transwell inserts.\
(G) Invaded cells were stained with crystal violet and counted. n = 3 mice/group.\
Experiments were seeded in triplicates. Data presented as mean ± SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 by Student's t test. All scale bars indicate 20 μm.](nihms961957f4){#F4}

![FOXF1 Regulates Genes Essential for Myofibroblast Differentiation and Functions\
(A) Differentially expressed genes in bleomycin-treated *myoFoxf1 KO* lungs were identified using RNA-seq analysis. Heatmap of RNA-seq results showing 2,809 coding genes significantly upregulated (red) or downregulated (green) between isolated fibroblasts from bleomycin-treated *Foxf1^fl/fl^* and those from *myoFoxf1 KO* lungs. Samples from three mice per genotype were pooled for RNA-seq analysis.\
(B and C) Increased (B) and decreased (C) functional pathways influenced by *Foxf1* deletion were identified using the ToppGene Suite (<https://toppgene.cchmc.org/>). The statistical significance of each functional pathway was presented using negative log2 transformation of the p value.\
(D) Fold changes in mRNA for several genes from the RNA-seq mapped in (A).\
(E) qRT-PCR validation of several genes found to be differentially expressed by RNA-seq analysis. n = 7--8 mice per genotype. See also [Figure S5](#SD1){ref-type="supplementary-material"}.\
(F) FOXF1 regulates CDH2-CDH11 cadherin switching in mouse lung fibroblasts. Representative images of western blot analysis of CDH2 and CDH11 levels in isolated lung fibroblast fractions from *Foxf1^fl/fl^* and *myoFoxf1 KO* lungs. n = 7--8 mice per group.\
(G and H) Immunofluorescence costaining of (G) αSMA and CDH2 or (H) CDH11 in fibrotic lesions of *Foxf1^fl/fl^* and *myoFoxf1 KO* lungs. Representative images of the staining are shown for n = 9--11 mice. Scale bars indicate 20 μm.\
(I) FACS shows an increase in the percentage of CDH11+CDH2− and CDH2+CDH11+ myofibroblasts (CD45−CD326−CD31−MHY11−αSMA+) in bleomycin-treated *myoFoxf1 KO* lungs. Representative dot plots and quantification of the percentage of CDH2+CDH11−, CDH11+CDH2−, and CDH2+CDH11+ myofibroblasts are shown. n = 4 mice/group.\
Data presented as mean ± SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 by Student's t test. See also [Figure S6](#SD1){ref-type="supplementary-material"}.](nihms961957f5){#F5}

![FOXF1 Regulates CDH2-CDH11 Cadherin Switching in Human IPF Lung Fibroblasts\
(A and B) *CDH2* (A) and *CDH11* (B) mRNA data using fibroblasts isolated from human IPF and normal lung samples obtained from GEO: GSE44723, GSE17978, and GSE1724. Data presented as mean ± SD. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 by Student's t test.\
(C and D) Lung sections from normal human lung donors and IPF patients costained with αSMA and CDH2 (C) or CDH11 (D). Representative images are shown. IPF samples are n = 7, and normal lung samples are n = 6. Scale bars indicate 20 μm.\
(E) Western blot analysis demonstrated decreased FOXF1 and CDH2 but increased CDH11 protein in human IPF compared to normal lungs.](nihms961957f6){#F6}

![FOXF1 Regulates Myofibroblast Invasion through Transcriptional Activation of CDH2 and Repression of CDH11\
(A) Schematic drawing of the mouse *Cdh2* promoter region with potential FOXF1 DNA binding sites (black boxes). See also [Table S2](#SD2){ref-type="supplementary-material"}. ChIP assays in NIH 3T3 cells showed direct binding of FOXF1 to the indicated regions in *Cdh2* promoter. ChIP assay of FOXF1 binding to the −1,435/−1,428 bp mouse *Pdgfb* promoter region was used as a positive control. *Gapdh* DNA, which lacks potential FOXF1 binding motifs, was used as a negative control. FOXF1 binding is shown relative to immunoglobulin G (IgG). Data represent one of two independent experiments.\
(B) Schematic drawing of the *pGL2-mCdh2-Luc* construct containing the *Cdh2* promoter region. The mouse *Cdh2* promoter (−3,087/+71 bp) was cloned into the pGL2-Basic LUC vector and cotransfected with CMV-Empty vector (CMV-EV) or CMV-*Foxf1.* LUC assay shows FOXF1 transcriptionally activates the *Cdh2* promoter. Data are representative of three independent experiments.\
(C) Schematic drawings of the mouse *Cadherin-11* (*Cdh11*) promoter. ChIP assays showed direct binding of FOXF1 to the indicated regions in the *Cdh11* promoter. See also [Figure S7](#SD1){ref-type="supplementary-material"} and [Table S2](#SD2){ref-type="supplementary-material"}.\
(D) Schematic drawing of the *pGL2-mCdh11-Luc* construct containing the *Cdh11* promoter region. The mouse *Cdh11* promoter (−2,497/−137 bp) was cloned into the pGL2-Basic LUC vector and cotransfection with CMV-EV or CMV-*Foxf1*. LUC assay shows FOXF1 transcriptionally inhibits the *Cdh11* promoter.\
(E) Re-expression of CDH2 in FOXF1-deficient human CCL-210 lung fibroblasts decreased the invasion of fibroblasts through the basement membrane matrix (upper panels). CCL-210 lung fibroblasts were transfected with control siRNA, *FOXF1* siRNA, control empty vector, or *CDH2* OE, or cotransfected with si*FOXF1* and *CDH2* OE constructs. The efficiency of transfection is shown using qRT-PCR and western blot (bottom panels). Representative images and quantification of CCL-210 invasion are shown. Data presented as mean ± SEM.\
(F) Depletion of CDH11 in FOXF1-deficient human lung fibroblasts decreased the invasion of fibroblasts through the basement membrane matrix (upper panels). CCL-210 fibroblasts were transfected with control siRNA, *FOXF1* siRNA, or *CDH11* siRNA or cotransfected with si*FOXF1* and si*CDH11*. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 by Student's t test. See also [Figure S7](#SD1){ref-type="supplementary-material"}.\
(G) Schematic drawing shows loss of FOXF1 during myofibroblast differentiation is associated with the loss of CDH2 and gain of CDH11. FOXF1 directly regulates the CDH2-CDH11 cadherin switch by transcriptionally activating CDH2 and repressing CDH11. The cadherin switch is essential for myofibroblast differentiation, migration, and invasion.](nihms961957f7){#F7}

###### Highlights

-   FOXF1 is decreased in human IPF and mouse myofibroblasts from fibrotic lung

-   Loss of FOXF1 increases collagen production and invasion of lung myofibroblasts

-   FOXF1 differentially regulates transcription of CDH2 and CDH11 cadherins

-   Myofibroblast invasion depends on FOXF1-regulated switch from CDH2 to CDH11
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